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Abstract 


The objective of this study is to produce and test the hybrid valve-regulated Ultrabattery designed specifically for hybrid-electric vehicle duty, 
i.e., high-rate partial-state-of-charge operation. The Ultrabattery developed by CSIRO Energy Technology is a hybrid energy-storage device, which 
combines an asymmetric supercapacitor, and a lead-acid battery in one unit cells, taking the best from both technologies without the need for extra, 
expensive electronic controls. The capacitor will enhance the power and lifespan of the lead-acid battery as it acts as a buffer during high-rate 
discharging and charging. Consequently, this hybrid technology is able to provide and absorb charge rapidly during vehicle acceleration and 
braking. The work programme of this study is divided into two main parts, namely, field trial of prototype Ultrabatteries in a Honda Insight HEV 
and laboratory tests of prototype batteries. In this paper, the performance of prototype Ultrabatteries under different laboratory tests is reported. 

The evaluation of Ultrabatteries in terms of initial performance and cycling performance has been conducted at both CSIRO and Furukawa 
laboratories. The initial performance of prototype Ultrabatteries, such as capacity, power, cold cranking and self-discharge has been evaluated 
based upon the US FreedomCAR Battery Test Manual (DOE/ID-11069, October 2003). Results show that the Ultrabatteries meet, or exceed, 
respective targets of power, available energy, cold cranking and self-discharge set for both minimum and maximum power-assist HEVs. The 
cycling performance of prototype Ultrabatteries has been evaluated using: (i) simplified discharge and charge profile to simulate the driving 
conditions of micro-HEV; (ii) 42-V profile to simulate the driving conditions of mild-HEV and (iii) EUCAR and RHOLAB profiles to simulate 
the driving conditions of medium-HEV. For comparison purposes, nickel—metal-hydride (Ni-MH) cells, which are presently used in the Honda 
Insight HEV, have also been subjected to some of the above profiles (i.e., simplified discharge and charge profile and EUCAR profile). Although 
the Ultrabattery and a Ni-MH cell under EUCAR test profile are still on cycling, the outcomes to date show that the performance of these batteries 
and cells has been at least four times longer than that of the state-of-the art lead-acid cells or batteries. Excitingly, the performance of Ultrabatteries 
is proven to be comparable with that of the Ni-MH cells. 
© 2007 Elsevier B.V. All rights reserved. 
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1. Hybrid-electric vehicles and energy-storage systems 


Transport is one of the largest sources of human-induced 
greenhouse gas emissions and fossil-fuels consumption. Thus, 
the ideal future transport should be directed towards the use 
of zero-emission vehicles on a life cycle basis. This encom- 
passes electric vehicles and/or fuel-cell vehicles, which use 
alternative fuel, such as hydrogen produced without greenhouse 
gas emissions. Since these vehicles are still under development 
and improvement, lower emission and lower fuel consumption, 
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hybrid-electric vehicles (HEVs) have been developed and com- 
mercialized for use during this transition phase. 

There are several types of HEVs, namely, micro-, mild-, 
medium- and full-hybrid (Table 1). Each type of vehicle requires 
the batteries to operate in a slightly different way. For micro- 
hybrid vehicles, the battery is required to receive energy from 
regenerative braking and provide energy to start the vehicle. For 
mild- and medium-hybrid vehicles, in addition to regenerative 
braking and engine start, the battery is required to supply energy 
for acceleration (e.g., motor assist). For full-hybrid vehicles, 
the battery is further required to supply energy for short dis- 
tances of pure electric driving, especially in the urban areas. The 
system voltage of the HEVs increases from 12 V in the micro- 
hybrid to over 200 V in the full-hybrid, while the battery capacity 
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Table 1 
Types of hybrid-electric vehicles 

Micro Mild Medium Full 
Regenerative braking * * kk kkk 
Engine start * * * * 
Motor assist * kk kkk 
EV drive * 
Battery voltage (V) 12 36 144 >200 
Battery capacity (Ah) 50-60 15-20 6-8 6 


Note: blank = no requirement; one star = mild requirement; two stars = medium 
requirement; three stars = strong requirement. 


decreases from 50 to 60 Ah in the micro-hybrid to only 6 Ah in 
the full-hybrid. All types of hybrid-electric vehicles demand the 
battery to be discharged and charged at high rates under partial- 
state-of-charge condition, so called “HRPSoC duty’. High-rate 
discharge is necessary for engine cranking and acceleration, 
while high-rate charge is associated with regenerative braking. 

At present, candidate energy-storage systems for HEV 
applications include valve-regulated lead-acid (VRLA), 
nickel—metal-hydride (Ni-MH), rechargeable lithium batteries 
and supercapacitor. It needs to state here that flooded-electrolyte 
lead-acid battery is also considered to be used in micro- and 
mild-HEVs. It is obvious that the VRLA battery has great 
advantages in terms of low initial (capital) cost, well-established 
manufacturing base, distribution networks and high recycling 
efficiency compared to the other competitive technologies at 
their current stage of development. Nevertheless, the running 
cost of the VRLA battery is expensive because of the short 
service life. The VRLA battery under HEV applications must 
be operated within a certain state-of-charge (SoC) window, 
i.e., 30-70% SoC (Fig. 1). This is because the battery cannot 
deliver the required cranking current when the SoC is below 
30%. On the other hand, the battery cannot accept charge 
efficiently either from regenerative braking or from engine 
charging when the SoC is above 70%. Under such applications, 
the VRLA battery fails prematurely due to the sulfation of 
the plates, particularly the negative plates [1-5]. The negative 
plates suffer from a progressive build-up of ‘hard’ lead sulfate 
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Fig. 1. State-of-charge window for lead-acid battery operated in HEVs. 


on the surface, i.e., lead sulfate, which is difficult to recharge. 
The accumulation of lead sulfate markedly reduces the effective 
surface-area to such extent that the plate can no longer deliver 
and accept the power required by engine cranking, acceleration 
and regenerative braking. 


2. Mechanism of lead sulfate accumulation in negative 
plates under HRPSoC duty 


The mechanism of lead sulfate accumulation on the surfaces 
of negative plates under HRPSoC duty has been documented in 
the previous paper [6]. The key factors responsible for such accu- 
mulation of lead sulfate are the high-rate discharge and charge. 
During high-rate discharging, the sponge Pb reacts with HSO47 
to form PbSO, and this reaction proceeds so rapidly that the dif- 
fusion rate of HSO47 from the bulk of the solution cannot catch 
up with its consumption rate in the interior of negative plate. 
Moreover, high-rate discharge generates a very high supersatu- 
ration of Pb?* in the vicinity of each parent lead crystal. The lead 
sulfate will therefore precipitate rapidly on any available surface, 
irrespective of whether this be sponge lead or already-deposited 
lead sulfate, i.e., nucleation rate > growth rate. Thus, a compact 
layer of tiny lead sulfate crystals will develop on the surface of 
the plate (Fig. 2). This will reduce the effective surface-area for 
electron transfer and will also hinder the diffusion of HSO47 into 
the interior of the plate (note, the dense lead sulfate layer acts as 
a semi membrane to the movement of HSOq_ ). During subse- 
quent high-rate charging, the negative-plate potential increases 
to such extent that, given the lower level of sulfate in the plate 
interior, the charging current during passage from the grid mem- 
ber to the plate surface reduces some hydrogen ions to hydrogen 
gas before reaching the lead sulfate layer (Fig. 3). Thus, com- 
plete conversion of lead sulfate at the plate surface cannot be 
achieved. With such repetitive action of high-rate discharge and 
charge, the lead sulphate will accumulate on the surfaces of neg- 
ative plate and eventually, the battery will be unable to provide 
sufficient power for engine cranking. 
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Fig. 2. Schematic representation of the distribution of lead sulfate in a negative 
plate subjected to high-rate discharge. 
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Grid 


outer ‘skin’ of the plate is effectively carrying the current. 
The use of the pulsed technique to minimize the build-up 
of lead sulfate layer has been studied in a project funded by 
the Advanced Lead-Acid Battery Consortium [1—3,5,6]. 
Addition of carbon 

The use of carbon can minimize the uneven distribu- 
tion of lead sulfate within the cross-section of negative 
plate. The high surface-area of carbon reduces the dis- 
charge and charge current densities. The porosity and the 
acid-affinity characteristics of carbon provide many acid 
reservoirs within the interior of the plate and these reser- 
voirs give rise to active sites for the development of lead 
sulfate during discharge. Also, the carbon provides the con- 
ductive network to assist the subsequent charging process 
[7-10,4]. 


(ii) 


(iii) Plate-processing conditions, electrolyte concentration and 
Negative active-material addition of trace elements 

; , ; ; f The uneven distribution of lead sulfate in the negative 
I eea is of the charging process of a negative plate after plate of a lead-acid battery during cycling is dependent 
j upon the surface-area, rates of discharge and charge, as 
well as the diffusion of HSO47 between the interior of the 
3. Approach to improve cycleability of VRLA batteries plate and the bulk of the electrolyte. Obviously, the latter 
under HRPSoC duty is affected strongly by the plate-material density, thickness 
and electrolyte concentration. Thus, optimization of these 
From the above discussion, it is clear that in order to improve parameters, together with the addition of trace elements 
the cycleability of VRLA batteries under HRPSoC duty, the (for suppressing the early evolution of hydrogen during 
uneven distribution of lead sulfate across the cross-section charging) are expected to improve the cycle-life of the 
of negative plate during discharge and the early evolution of VRLA battery under HRPSoC duty. Such study has been 
hydrogen during charge should be minimized. With these con- conducted through a project also funded by the Advanced 

siderations, several approaches have been taken. Lead-Acid Battery Consortium [11]. 
(iv) Protection of lead-acid battery from high-rate discharge and 


(i) Localization of charging current on plate surface charge 


It is obvious that the lead sulfate layer can be converted 
more effectively when the charging current can be concen- 
trated on the surface of the negative plate. The localization 
of charging current, in fact, can be achieved by the superim- 
position of pulsed current of high frequency to the battery 
during charging—the higher the frequency, the greater is 
the amount of current concentrated on the plate surface. 
This phenomenon is known as the ‘skin effect’ as only the 


Supercapacitor 


= Provide high power 
for acceleration 


= Absorb high power 
from regenerative 


braking 


Conventional systems complicated and expensive 


The key factors responsible for the uneven distribution 
of lead sulfate in the negative plate and the early evo- 
lution of hydrogen are both the high-rate discharge and 
charge. To extend the life of a lead-acid battery, the neg- 
ative plates should therefore be protected from high-rate 
discharge and charge. The conventional way to improve 
the life of the lead-acid battery is to connect the battery 
pack in parallel with a supercapacitor (Fig. 4). It is well 
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Fig. 4. Combined supercapacitor and lead-acid battery. 
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known that a supercapacitor can provide and receive high 
power, but low energy and therefore, for HEV applica- 
tions, the best use of this technology is to absorb high 
power from regenerative braking and to provide high power 
for acceleration. The energy and power flow between the 
capacitor and battery pack are controlled by an electronic 
controller. In principle, during vehicle braking and accel- 
eration, the controller will first regulate the power to and 
from the supercapacitor, then the battery pack. During 
engine charging and cruise driving, the controller will reg- 
ulate the power and energy mainly to and from the battery 
pack. This system has been developed by CSIRO and 
has been used successfully in the Holden ECOmmodore 
and aXcessaustralia demonstration cars in the year 2000. 
Nevertheless, the drawbacks of this system are that it is 
complicated (e.g., requires a sophisticated algorithm) and is 
expensive. 


4. Ultrabattery—A solution for valve-regulated 
lead-acid battery as electric power source for HEV 
applications 


Accordingly, CSIRO Energy Technology has developed an 
advanced Ultrabattery to replace the complex and high cost 
supercapacitor/lead-acid battery system [12—14]. The schematic 
configuration of the Ultrabattery is shown in Fig. 5. A lead-acid 
cell comprises one lead-dioxide positive plate and one sponge 
lead negative plate. On the other hand, an asymmetric super- 
capacitor composes of one lead-dioxide positive plate and one 
carbon-based negative plate (i.e., capacitor electrode). Since the 
positive plates in the lead-acid cell and the asymmetric superca- 
pacitor have a common composition, these two devices can be 
integrated into one unit cell by internally connecting the capac- 
itor electrode and the lead-acid negative plate in parallel. Both 
electrodes now share the same lead-acid positive plate. With 
this design, during discharge and charge, the total current of the 
combined negative plate is composed of two components: one 
is the capacitor current; the other is the lead-acid negative plate 
current. Accordingly, the capacitor electrode can now act as a 
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Fig. 5. Schematic diagram showing the configuration of Ultrabattery. 


Dimensions of battery and grids 


Height Width Length/thickness 
(mm) (mm) (mm) 

Battery 110 87 150 

Positive grid 76 76 1.60 

Negative grid 76 76 1.45 


Fig. 6. Appearance and dimensions of prototype Ultrabattery. 


buffer to share the discharge and charge currents with the lead- 
acid negative plate and thus prevent it from being discharged 
and charged at the full rates required by the HEV duty. The 
Ultrabattery is, in fact, a hybrid energy-storage device, which 
combines an asymmetric supercapacitor and a lead-acid battery 
in a unit cell, without extra, expensive, electronic control. The 
initial CSIRO laboratory results show that the discharge and 
charge power of the Ultrabattery is higher and its cycle-life is 
significantly longer than that of the conventional lead-acid coun- 
terpart. Furthermore, the Ultrabattery is able to be produced as 
either flooded-electrolyte or valve-regulated designs in the exist- 
ing lead-acid factory and also able to reconfigure for a variety of 
applications, such as conventional automobile, power tool, fork- 
lift, high-power uninterruptible power supply and remote-area 
power supply [14]. 

Accordingly, CSIRO Energy Technology and The Furukawa 
Battery Co. Ltd. have cooperated in the production of proto- 
type Ultrabatteries. Fourty-five, 12-V prototype Ultrabatteries 
have been produced at the Furukawa plant. The appearance and 
dimensions of the Ultrabattery and grids are shown in Fig. 6. 
Twelve batteries have been sent to Provector Limited, UK, for 
field trial in a Honda Insight HEV and the remaining batter- 
ies are for the laboratory tests at CSIRO and Furukawa. In 
this paper, the performance of prototype Ultrabatteries under 
different laboratory tests is reported. 


5. Initial performance of prototype ultrabatteries 


The initial performance of Ultrabatteries was evaluated in 
terms of capacity, power, cold cranking and self-discharge. 
There tests were based upon the US FreedomCAR Battery Test 
Manual [15]. 
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Table 2 
Cut-off voltages for various constant-current discharges 


Discharge current (A) Cut-off voltage (V) 


0.1C 10.5 
0.2C 10.5 
0.33C 9.9 
1C 9.6 
5C 9 
10C 9 
15C 9 


Note: C= nominal 1-h capacity of the battery. 


5.1. Capacity 


The battery was discharged at various constant currents to the 
corresponding cut-off voltages as given in Table 2. The discharge 
current and discharge time were plotted on logarithmic scales as 
shown in Fig. 7. The relationship between the discharge current 
and discharge time can be expressed by the following equation. 


y = 14.491x7 1:286 (1) 


where y is time in hour and x is current in ampere. The 1- and 
2-h capacities of the battery calculated from the above equation 
are 6.67 and 7.78 Ah, respectively. These two capacities will be 
used for the later cycling tests. 


5.2. Power 


The procedure to determine the maximum discharge and 
charge power of the battery at different depth-of-discharge 
(DoD) is shown in Fig. 8. This involved: 


(i) after full charge, determined 1-h capacity, followed by a 

recharge; 

(ii) allowed the battery to stand at open-circuit condition for 
1h; 

(iii) removed 10% of 1-h capacity of the battery at 1-h rate (e.g., 
discharge to 10% DoD), followed by 1-h rest; 

(iv) after rest, discharged and charged the battery with a con- 
stant current procedure for power determination; 
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Fig. 7. Relationship between discharge current and time. 
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Fig. 8. Procedure to determine the discharge and charge power at different depth- 
of-discharge. 


(v) repeated steps (iii) and (iv) until the DoD of the battery 
reached 90%; 
(vi) discharged the battery to 100% DoD. 


During test, the open-circuit voltage of the battery was 
recorded at the end of each 1-h rest period to determine the 
change in open-circuit voltage with depth-of-discharge. 

The discharge- and charge—current profile used to determine 
the maximum discharge and charge power of the battery at a 
given DoD is shown in Fig. 9. After 1-h rest, the battery was 
discharged with a constant current of —8 C for 10s, followed by 
40-s rest. The battery was then recharged with a constant current 
of 6C for 10s. The current and the corresponding voltage were 
recorded before, and at the end of each pulse. The discharge 
resistance and the maximum power were calculated using the 
following equations with the minimum voltage (Vmin) of 9 V. 

A Vaischarge 


discharge = ( ) 
R ge 2 
Al discharge 


Current record 


Charge 


40-s rest 


Discharge 


Fig. 9. Discharge- and charge—current profile used to determine the battery 
power. 
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Fig. 10. Changes in open-circuit voltage, charge resistance and discharge resistance with depth-of-discharge. 


Vinin(OCV discharge — Vinin) 
Raischarge 


P, discharge = (3) 
where Aldischarge =/a1 — Jaz and AVéischarge = Vai — Va2. Vat 
and Vg2 are the corresponding voltages at J/g; and Ig. 
OCVaischarge is the open-circuit voltage before the discharge 
current J4,. Similarly, the charge resistance and the maximum 
power were calculated using the following equations with the 
maximum voltage (Vmax) of 16 V. 


A Veh 

Recharge = M (4) 
Vinax(Vinax — OCV charge) 

Pisces _ "max ae charge (5) 


where Al charge = Ke2 — Ke1 and AVeharge = Ve2 — Vet- OCV charge 
are the open-circuit voltage before the charge current 
Iı. Note that there is an assumption for the discharge 
resistance and charge resistance used to determine the max- 
imum discharge power (Eq. (3)) and maximum charge 
power (Eq. (5)). At a given DoD, the discharge resis- 
tance (Rdischarge = A Vaischarge/A/discharge) and charge resistance 
(Recharge = A Veharge/A/charge) are considered constant irrespec- 
tive of the amplitude of the current pulse (i.e., AJ), provided 
that the battery temperature is unchanged. Therefore, the 
maximum discharge current and the maximum charge cur- 
rent, by which the battery voltage reaches Vmin and Vmax 
at 10s, can be calculated by (OCVdischarge — Vmin)/Raischarge 
and (Vmax — OCVcharge)/Rcharge, respectively. Consequently, 
the maximum discharge power can be determined from 
the minimum voltage and maximum discharge current (i.e., 
Vmin X (OCV discharge = Vimin)/Rdischarge )» while the maximum 
charge power from the maximum voltage and maximum charge 
current (i.e., Vmax X (Vmax — OCV charge )/ Recharge). 

The changes in open-circuit voltage, charge and discharge 
resistances with depth-of-discharge are shown in Fig. 10. The 
open-circuit voltage decreases linearly with the increased depth- 
of-discharge and therefore, one usually uses the value of 


open-circuit voltage during cycling to predict the SoC of the 
battery. The charge resistance of the battery also decreases with 
increasing depth-of-discharge, but only up to 40% DoD. The 
resistance then remains virtually unchanged between 40 and 
80% DoD and starts to increase at DoD greater than 80%. 
This is understandable because the charge resistance determined 
by a 10-s constant current pulse will compose of two com- 
ponents. One is ohmic resistance and other is charge-reaction 
resistance (or Faradaic-reaction resistance). The ohmic resis- 
tance increases, while the charge-reaction resistance decreases 
with the increase of depth-of-discharge as shown schematically 
in Fig. 11. Thus, the decrease in charge resistance (i.e., com- 
bined ohmic and charge-reaction resistances) up to 40% DoD is 
due to the decrease in charge-reaction resistance. On the other 
hand, the increase in charge resistance at DoD greater than 80% 
is due to the increase in ohmic resistance. Similarly, the dis- 
charge resistance also composes of two components, namely 
ohmic resistance and discharge-reaction resistance. Neverthe- 
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Ohmic resistance 
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Fig. 11. Changes in charge-reaction and ohmic resistances with depth-of- 
discharge of the battery. 
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Fig. 12. Changes in discharge and charge power with depth-of-discharge. 


less, both the ohmic and the reaction resistances increase with 
the increase of depth-of-discharge and therefore, the overall 
discharge resistance also increases. 

The changes in discharge and charge power with depth-of- 
discharge of the battery are shown in Fig. 12. It can be seen 
that the discharge power decreases while the charge power 
increases with increasing depth-of-discharge. In the US Free- 
domCAR Battery Test Manual, there are two power-assist 
systems, namely, minimum and maximum power-assist. The 
targets, such as power, available energy, etc., set for these two 
systems are based upon the full-size vehicle battery pack. There- 
fore, in order to compare the data obtained from the single battery 
in this study with the targets set for the full-size vehicle battery, 
the discharge and charge power of the single battery should be 
scaled by a factor, called the battery-size factor (BSF). The bat- 
tery size factors were determined based upon the procedures 
described in the US FreedomCAR Battery Test Manual [15] 
and the values are 21 for the minimum power-assist system and 
35 for the maximum power-assist system, respectively. 

The discharge and charge power are scaled by the battery- 
size factor of 21 for minimum power-assist system and plotted 


against the depth-of-discharge (Fig. 13). According to the US 
FreedomCAR, the discharge and charge power required by the 
minimum power-assist system are 25 and 20 kW, respectively. 
Therefore, a straight line is drawn between 25 and 20kW and 
this line meets the charge—power and discharge—power curves 
at 21 and 70.5% DoD. This indicates that to meet the discharge 
power of 25kW and charge power of 20kW, the Ultrabattery 
pack should operate within the 21-70% DoD window. Clearly, 
with the integration of supercapacitor electrode, the operational 
range of the Ultrabattery is now between 21 and 70% DoD, 
instead of between 30 and 70% DoD for the VRLA battery 
mentioned in Section 1. 

Similarly, the power-versus-energy removed at l-h rate, 
which are scaled by the BSF, is shown in Fig. 14. The avail- 
able energy is the energy difference at the two intersection 
points between the charge- and discharge—power curves and the 
straight line drawn between 25 and 20kW. The value is found 
to be 940 Wh, which is over three times greater than the energy 
goal of 300 Wh set for the minimum power-assist system. 

For the maximum power-assist system, the power-versus- 
energy removed at l-h rate scaled by a BSF of 35 is shown in 
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Fig. 13. Changes in discharge and charge power (scaled by battery-size factor of 21) with depth-of-discharge. 
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Fig. 14. Changes in discharge and charge power with energy removed at 1-h rate (scaled by BSF of 21). 
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Fig. 15. Changes in discharge and charge power with energy removed at 1-h rate (scaled by BSF of 35). 


Fig. 15. The requirements of the discharge and charge power for 
this system are 40 and 35 kW, respectively. The available energy 
is the energy difference at the two intersection points between the 
charge- and discharge—power curves and the straight line drawn 
between 40 and 35 kW. The value is found to 1550 Wh. Sim- 
ilar to the minimum power-assist system, the available energy 
is again three times greater than the goal of 500 Wh set for the 
maximum power-assist system. 


5.3. Cold cranking 


The profile used to evaluate the cold-cranking performance 
of the battery pack is shown in Fig. 16. The profile consists of 
three consecutive 2-s power pulses. There is a 10-s rest between 
each pulse. The amplitudes of the pulse are 5 kW for minimum 
power-assist and 7 kW for maximum power-assist, respectively. 
The test procedure is as follows. 


(i) At ambient temperature, discharge the battery at 1-h rate 
to the maximum DoD where the available energy goal is 
met. These are 49% for minimum power-assist and 51% 
for maximum power-assist, respectively. 


(ii) Reduce the battery temperature to —30 °C. 

(iii) Perform the cold-cranking profile with power values equal 
to 5kW divided by the BSF of 21 for the minimum power- 
assist and 7 kW divided by the BSF of 35 for the maximum 
power-assist. 

(iv) Record the voltage and current before and at the end of 
each power pulse. 


Minimum assist 


Power / kW 


Maximum assist 


0 4 8 12 16 20 24 
Time / s 


Fig. 16. Profile used to evaluate the cold cranking performance of Ultrabattery. 
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Table 3 
Cold-cranking performance of Ultrabattery 


Minimum power-assist Maximum power-assist 
(kW) (kW) 


Goals 5 7 
Measured values 5.4 (1), 5.2 (2), 5.1 (3) 10.5 (1), 11.3 (2), 11.3 (3) 


(v) Calculate each of the three cold-cranking power pulses 
using Eq. (3) in Section 5.2 with the minimum voltage 
of 9 V and multiply the results by the BSF of 21 or 35. 


The goal and the measured values for minimum and maxi- 
mum power-assist are given in Table 3. It can be seen that all the 
measured values meet or exceed the targets set for either min- 
imum or maximum power-assist systems. It needs to be stated 
here that the minimum voltage, we used for this test is a con- 
servative 9 V, instead of 7.2 V normally used to evaluate the 
cold-cranking performance of the lead-acid battery. 


5.4. Self-discharge 


The self-discharge performance of the Ultrabattery was eval- 
uated at 30°C. The test procedure is as follows. 


(i) After full charge, determine the 1-h capacity of the battery, 
followed by a recharge, record Wh¢/1 before test- 

(ii) Discharge the battery down to 30% DoD, record 
Wh39% Dop and allow it to stand in an open-circuit con- 
dition for 7 days; during the standing time, the battery must 
be disconnected from the test equipment. 

(iii) Discharge the battery for its remaining (residual) capacity 
at 1-h rate, record Whtresidual- 

(iv) Calculate the self-discharge by using the following equa- 
tion. 


= (Whe /1 before test — (Wh30% DoD + Whresidual)) 
7 days 


SD x BSF 


(6) 


The goals and measured values are given in Table 4. It can be 
seen that after 7-day standing, the Ultrabattery shows an energy 
gain, not energy loss even though the above test procedure has 
been repeated three times. 


Table 4 
Self-discharge performance of prototype Ultrabattery 


Minimum power-assist Maximum power-assist 


(Wh day~') (Whday~') 
Goal —50 —50 
(at 30°C) 
Measurement +3.90 (1st), +6.38 (2nd), +6.51 (1st), +10.64 (2nd), 
(at 30°C) +4.28 (3rd) +7.14 (3rd) 
Measurement —7.42 —12.37 
(at 40°C) 


Note: minus value indicates energy loss, while plus value indicates energy gain. 


Therefore, the test was conducted again, but with slight 
modifications. After full charge, the 1-h capacity of the bat- 
tery was determined, followed by a recharge. The battery was 
then allowed to stand in an open-circuit condition for 23 days, 
instead of 7 days. Furthermore, the test was performed at 40°C, 
instead of 30 °C. After 23 days, the battery was discharged for its 
remaining residual capacity. Results show that with this proce- 
dure, the Ultrabattery shows an energy loss of —7.42 Wh per day 
for the minimum power-assist system and — 12.37 Wh day! for 
the maximum power-assist system (see Table 4). These values 
are well below the self-discharge goal set (i.e., 50 Whday~') 
for both power-assist systems. In addition, the results also show 
that allowing the Ultrabattery to stand at open-circuit and partial- 
state-of-charge conditions for 7 days may not be long enough to 
cause any apparent self-discharge of the battery. 

From the above results, it is clear that the Ultrabattery tech- 
nology has met or exceeded the targets of power, available 
energy, cold cranking and self-discharge required by the mini- 
mum and maximum power-assist systems. 


6. Cycling performance of prototype Ultrabatteries 


The cycling performance of Ultrabattery was evaluated using: 
(i) simplified discharge and charge profile to simulate the 
micro-HEV driving conditions; (ii) 42-V profile to simulate the 
mild-HEV driving conditions [16,17]; Gii) EUCAR power-assist 
and RHOLAB profiles to simulate the medium-HEV driving 
conditions [18—20]. Furthermore, in the interests of expediency, 
the battery was subjected to each of the above profiles repeti- 
tively until the voltage reached the specified cut-off value. Thus, 
it is not a real cycle-life test, but rather a screening test. 


6.1. Simplified discharge and charge profile 


The simplified discharge and charge profile used to simulate 
the micro-hybrid driving conditions is shown in Fig. 17. The 
profile composes of a discharge at 3C A for 60s and a charge 
at a constant voltage of 2.5 V per cell with maximum current of 
3CA for 62s. There are two rest times of 10s each in between 


Top-of-charge voltage = 2.5 V 


Current/A 


Cut-off voltage = 1.75 V 


One cycle 


Fig. 17. Simplified discharge and charge profile with top-of-charge voltage of 
2.5 V per cell and cut-off voltage of 1.75 V per cell. 
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Fig. 18. Changes in end-of-discharge voltages of control cells, Ultrabattery and Ni-MH cell with cycling. 


discharge and charge or charge and discharge pulses. The full- 
charge cell or battery was subjected to this profile repetitively at 
40°C until the voltage of the cell reached 1.75 V per cell. 

The performance of the control cells and the Ultrabattery 
are shown in Fig. 18. The end-of-discharge (EoD) voltages of 
control cells and Ultrabattery all decrease with cycling, but the 
rate of decrease is slower for the latter battery. Accordingly, two 
control cells reach the cut-off voltage at about 12,000 and 13,000 
cycles, respectively. On the other hand, the Ultrabattery reaches 
the cut-off value at about 75,000 cycles. It needs to be stated 
here that all the control cells used in this study are the present 
state-of-the art cells in which the negative plates were doped 
with carbon at level of about 2 wt.%. 

For comparison, a Ni-MH cell, which is presently used in the 
Honda Insight HEV, was also subjected to this test (Fig. 18). Up 
to 40 000 cycles, the Ni-MH cell was cycled with discharge and 
charge current of 2C, instead of 3C by mistake. Therefore, the 
discharge and charge current was changed to 3C after 40,000 
cycles. In the same way as the Ultrabattery, the EoDV of the 
Ni-MH cell also decreases slowly with cycling and reaches its 
corresponding cut-off value of 1 V at about 73,000 cycles. 

Another simplified discharge and charge profile was also 
used to evaluate the performance of the Ultrabattery (Fig. 19). 
The differences between this profile and the profile shown in 
Fig. 17 are the current amplitude, top-of charge voltage and cut- 
off voltage. The discharge and charge current in this profile are 
reduced to 2C, while the top-of-charge voltage is increased to 
2.83 V per cell. Furthermore, the cut-off voltage is high, namely, 
1.83 V per cell, instead of 1.75 V used in the previous profile. 
Initially, the cell or battery was discharged to 50% SoC and then 
subjected to this profile repetitively until the voltage reached 
1.83 V per cell. The test would also be terminated when the 
voltage reached 2.83 V per cell during the charging part of the 
profile. 

The changes in end-of-discharge and charge voltages of the 
control cell and the Ultrabattery are shown in Fig. 20. Both the 
end-of-discharge and charge voltages of the control cell decrease 


with cycling and the discharge voltage reaches the lower voltage 
limit at 4300 cycles. Similarly, both the end-of-discharge and 
charge voltage of the Ultrabattery also decrease with cycling. 
Nevertheless, the rate of decrease in the end-of-discharge and 
charge voltage of the Ultrabattery is much slower than that of 
the control cell. Consequently, the Ultrabattery completed about 
18,000 cycles. 

From the above results, it can be seen that the cycling perfor- 
mance of the Ultrabattery is at least four times longer than that 
of the control cells and is comparable with that of the Ni-MH 
cell. 


6.2. 42-V profile 


The 42-V profile used to simulate the mild-hybrid driving 
conditions is shown in Fig. 21 [16,17]. The duration of the pro- 
file is about 2.35 min. The profile is composed of several current 
steps that simulate the power requirements of the battery dur- 
ing vehicle operation, namely, idle—stop, cranking, power-assist, 


Top-of-charge voltage = 2.83 V 


Current/A 


Cut-off voltage = 1.83 V 


a 


One cycle 


Fig. 19. Simplified discharge and charge profile with top-of-charge voltage of 
2.5 V per cell and cut-off voltage of 1.75 V per cell. 
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Fig. 20. Changes in end-of-discharge and charge voltages of control cell and Ultrabattery. 
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Fig. 21. The 42-V profile used to simulate the driving conditions of mild-HEV. 
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engine charging, and regenerative charging. The critical steps are 
the cranking and regenerative braking periods and over which 
the battery must deliver a current of 12C and receive a maximum 
current of 3.2C. During the cranking period, the voltage of the 
battery will fall to its lowest level. 

The full-charge cell or battery was subjected to this profile 
repetitively at 40°C until the minimum voltage reached 1.33 V 
per cell. 

The cycling performance of the control cell and the Ultrabat- 
tery is shown in Fig. 22. The minimum voltage of the control 
cell reaches the cut-off value of 1.33 V per cell after 13,000 
cycles, while that of the Ultrabattery is still well above the cut- 
off value. The Ultrabattery has cycled up to 109,000 cycles and is 
still in healthy condition. Again, the cycling performance of the 
Ultrabattery is significantly longer than that of the control cell. 
Furthermore, this performance also shows much longer than 
the VRLA battery superimposed with high-frequency pulses, 
which was developed previously in the CSIRO laboratories (e.g., 
42,000 cycles [5]). 


Ultrabattery 
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Fig. 22. Cycling performance of control cell and Ultrabattery under 42-V profile. 
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Fig. 23. EUCAR power-assist profile. 


6.3. EUCAR profile 


The EUCAR power-assist profile used to simulate the driving 
conditions of the medium-hybrid vehicle is shown in Fig. 23 


[18]. The profile comprises a discharge to simulate the power- 
assist (i.e., 5C2 A, C2 = 2-h capacity), a rest period and a recharge 
with three stepped currents (i.e., 4.5C2 A, 2.5C2 A and C2 A, 
repetitively) to simulate the charging from regenerative braking 
and the engine. 

The cell or battery was discharged initially at C2 rate to 60% 
state-of-charge and then was subjected to this profile repetitively 
at 40 °C until the voltage reached 1.77 V per cell. During cycling, 
all the cells and batteries were maintained at 40 °C and the top- 
of-charge voltage was regulated at 2.45 V per cell. 

The cycling performance of a control cell and an Ultrabattery 
is shown in Fig. 24. The voltage of the control cell decreases 
gradually with cycling and reaches the cut-off value of 1.77 V 
per cell after 32,500 cycles. On the other hand, the voltage of the 
Ultrabattery remains very stable with cycling and the battery has 
cycled up to 132,000 cycles and is still in a healthy condition. 

A Ni-MH cell was also subjected to this test. Similar to the 
Ultrabattery, the Ni-MH cell has cycled up to 132,000 cycles 
and is still in a healthy condition. Nevertheless, a cut-off voltage 
of 0.95 V was used for Ni-MH cell under this profile, instead of 
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Fig. 24. Cycling performance of control cell, Ultrabattery and Ni-MH cell under EUCAR profile. 
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Fig. 25. RHOLAB profile. 
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Fig. 26. Cycling performance of cells and batteries under RHOLAB profile. 


1 V used for the simplified discharge and charge profile (Section 
6.1). 


6.4. RHOLAB profile 


The profile used to simulate the combined high-speed and 
hill-climbing driving conditions is shown in Fig. 25. This profile 
was developed by the RHOLAB project [19,20]. The dura- 
tion of a profile, or a cycle, is about 2400s. There are three 
levels of current during the discharge part of the profile. The 
highest current is for acceleration, while the medium and the 
lowest currents are for high speed and cruise driving. There 
are also two levels of current during the charging part of the 
profile. The low current is from engine charging, while the 
high charging current is from the regenerative braking. At each 
cycle, the 8-Ah cell (5-h capacity) is required to discharge down 
to 45% DoD. Accordingly, this profile is much more severe 
than the other profiles used in this study. Initially, the cell 
or battery was discharged to 80% SoC and then subjected to 
the profile repetitively until the minimum cell voltage reached 
OV. 

The cycling performance of cells and batteries under the 
RHOLAB profile is shown in Fig. 26. It can be seen that 
the control cells and battery achieved 150-180 cycles, while 
the Ultracells and Ultrabattery achieved 750-1100 cycles. This 
demonstrates clearly that the cycling performance of Ultracells 
and Ultrabattery is at least four times longer than that of the 
control cells and battery. 


7. Conclusions 


This study has highlighted the importance of protecting the 
negative plates of the VRLA battery from discharge and charge 


at the high rates under HEV duty. The unique CSIRO’s approach 
is to combine an asymmetric supercapacitor and a lead-acid 
battery in one unit cell without the need for extra electronic 
controls—Ultrabattery. Prototype Ultrabatteries have been pro- 
duced and evaluated under a variety of laboratory tests. Results 
show that the initial and cycling performance of the prototype 
Ultrabatteries has the following features and benefits. 


(i) The Ultrabatteries can operate at a wider partial-state-of- 
charge window than that of the VRLA batteries under HEV 
applications and have met or exceeded the targets of power, 
available energy, cold cranking and self-discharge specified 
for both minimum and maximum power-assist systems. 

(ii) The Ultrabatteries show at least four times longer in cycling 
performance than the control VRLA lead-acid cells and 
batteries. Furthermore, this promising performance may 
be comparable with that of Ni-MH cells, but with greatly 
reduced cost. 
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